OBJECTIVES: We sought to delineate the effects of the severity of target lesions and their combinations on the occurrence of competitive flow, especially in the composite Y-graft and to establish an optimal strategy for graft arrangement and patient selection.
INTRODUCTION
By creation of a composite graft with the in situ internal thoracic artery (ITA) and radial artery (RA), total arterial complete revascularization can be achieved with minimal graft materials with excellent early graft patency and clinical outcomes [1, 2] . However, since flow capacity of bypass grafts entirely depends on the in situ ITA, the incidence of competitive flow is relatively high. To achieve durable completeness of revascularization, prevention of competitive flow is mandatory, because graft occlusion associated with insufficient flow occurs in the early period [3] [4] [5] .
We have introduced total arterial off-pump coronary artery bypass grafting (CABG) without aortic manipulation as our standard technique. Graft patency and flow had been evaluated in the early postoperative angiography for a decade. Competitive flow usually occurs, when native coronary stenosis is not severe. In addition, we previously reported that some specific combinations of target branches affected distribution of blood flow in the composite and sequential grafts [6] . Regarding sequential grafting, the severity of stenosis in the most distal target played a definitive role in entire patency of the bypass graft [7] . Regarding Y-grafting to two targets, imbalance of severity of stenosis could be a cause of imbalance of flow distribution [6] .
The objectives of this study were to examine the effects of the severity of native coronary stenosis in the target branches and their combinations on the occurrence of competitive flow, and to establish indications for the Y-graft to three-vessel territories, from the viewpoint of flow distribution.
regions with sequential and composite grafts using the in situ ITA and RA and postoperative angiography between April 2000 and April 2010, were included. Exclusion criteria for this study were patients who had an aortocoronary bypass, gastroepiploic artery or other graft materials, did not have a RA graft, or did not undergo postoperative angiography. Institutional approval was obtained for this retrospective observational study. The native coronary artery stenosis and the graft patency were independently evaluated by cardiologists. The severity of stenosis was calculated from the minimal luminal diameter, and the maximal severity of stenosis was recorded for all targets. In our institution, early postoperative angiography was performed routinely, except for patients with a considerable risk of catheter angiography, such as renal failure or aged >80 years. In the present study, 601 (97.7%) patients with 2514 bypass grafts underwent early postoperative angiography. It was usually performed 2 weeks after surgery during hospitalization. Bypass flow was graded as antegrade, competitive or no flow in the early postoperative angiography. Antegrade was defined as a situation in which the target branch was opacified antegradely in most of multi-plane ITA graft injection. Competitive flow was defined as a situation in which the target vessel was slightly opacified or not opacified from the ITA graft injection, and the bypass graft was filled clearly by retrograde flow from the native coronary injection. Late angiography was performed in 111 (18.5%) patients with 443 bypass grafts for clinical reasons. The mean follow-up period was 54 ± 31 months ( Table 1) .
Usage of the bilateral in situ ITA is our standard technique for three-vessel revascularization, as reported previously [7] , whereas the single in situ ITA as the Y-graft has been utilized for the patients at considerable risk. There was no patient whose bilateral RAs were used. The Y-graft was made by side-to-side proximal anastomosis of the RA to avoid kinking of the graft [8] . In the sequential anastomosis by the side-to-side method, we usually made the diamond-shape anastomosis by longitudinal arteriotomy on the target branch and the RA to save the graft length.
Analysis plan for a composite Y-graft to three-vessel regions
We assessed the impacts of combinations of the targets in the Y-graft on graft flow and graft patency. Of 189 patients, who had the composite Y-graft of an in situ ITA and RA, 9 patients were excluded because they did not undergo early postoperative angiography. In all 180 patients, the end of the ITA was independently anastomosed to the main trunk of left anterior descending artery (LAD), and the RA was sequentially anastomosed to at least one bypass graft to each of the left circumflex artery (LCX) and right coronary artery (RCA) regions. Diagonal branch was grafted with the RA in a side-to-side fashion if necessary.
The Y-graft to three-vessel regions consists of two sequential grafts. One is the in situ ITA graft anastomosed with the RA and the LAD, and the other is the RA graft anastomosed with LCX and RCA. In our previous study on sequential grafting, when severity of stenosis in the most distal target was moderate, competitive flow commonly occurred and the patency rate was significantly low, as compared with when the distal end was anastomosed to a severely stenotic target [7] . If we applied this hypothesis to the Y-graft to three-vessel regions, the severity of stenosis in the LAD and the RCA would be crucial to achieve successful Y-grafting. Our previous study also revealed that when an occluded or near-occluded branch was anastomosed in a side-to-side fashion as the sequential proximal anastomosis, competitive flow can be provoked at the end [6] . If this hypothesis was applied to the composite Y-graft to three-vessel regions, an occluded or near-occluded LCX might promote competitive flow from the RCA and competitive flow from the LAD might be increased, when the RA was anastomosed with occluded or near-occluded LCX and RCA branches. In the present study, we, therefore, examined the severity of stenosis in the LAD and RCA branches, and their combinations. Moreover, subgroup analyses were performed according to the presence or absence of the occluded or near-occluded target at the sequential proximal anastomosis.
Statistical analysis
The continuous variables are expressed as the mean values ± standard deviation (SD). The data of two independent groups were compared by Fisher's exact probability test. Longitudinal data were estimated by the Kaplan-Meier method and the difference between groups was compared with the log-rank method. The differences in the outcomes were considered statistically significant when the P-value was <0.05.
RESULTS
In the early angiography, the graft patency rate was 98.1% (2466/ 2514), while competitive flow occurred in 6.4% (162/2514) ( Table 2) .
Regarding the ITA to LAD bypass graft, the incidence of competitive flow in the composite Y-and K-graft was significantly higher than that in the in situ ITA graft (7.6% (23/303) versus 0.3% (1/298), P < 0.0001). There was no significant difference between the cumulative graft patency rate of the in situ ITA and that of the composite graft, which included Y-and K-graft (88.3 versus 80.5% at 5 years, P = 0.35) (Fig. 1) . The cumulative patency rate of the bypass grafts with competitive flow was significantly lower than that of the bypass grafts with antegrade flow (42.7 versus 93.4% at 5 years, P = 0.0001) (Fig. 2) .
Regarding bypass grafts of the RA to non-LAD branches, which included diagonal branch, LCX and RCA branches, there was no significant difference in the incidence of competitive flow for the conduit type and the number of sequential anastomoses. The incidence of competitive flow in the sequential proximal was significantly lower than that in the graft distal end (1.7% (18/1040) versus 15.9% (113/709), P < 0.0001) ( Table 2 ). There was no significant difference between the cumulative patency rates of the Y-graft and the I-graft (at 5 years, 69.3 versus 61.3%, P = 0.09), and between grafting to one or two targets and grafting to three or more targets in the sequential fashion (at 5 years, 71.0 versus 63.0%, P = 0.92) (Fig. 3) . The cumulative graft patency rate of the distal end of the RA was significantly lower than that of the sequential proximal anastomoses (P < 0.0001) (Fig. 4) . [12] ; P = 0.006, [13] versus [14] + [15] ; P = 0.07, [16] versus [17] ; P < 0.0001, [18] versus [19] ; P < 0.0001. 
Flow distribution in 180 Y-grafts to three-vessel regions
As shown in Table 3 , 180 Y-grafts were divided into 9 sections, according to native coronary stenosis in the LAD and the RCA, which was the target of the distal end of the RA. The target of the distal end of the RA was the posterior descending branch in 150 patients and the atrioventricular branch in 30 patients. The rates of antegrade flow were 96.1% in section 5, 94.6% in section 6, 91.2% in section 8 and 100% in section 9, respectively. The rate of antegrade flow in patients with 76-100% stenosis in both the LAD and the RCA, who were in sections 5, 6, 8 and 9, was 95.7% (178/186), which was significantly higher than that of 78.1% (100/128) in patients with 76-100% stenosis in the LAD and 51-75% stenosis in RCA (P < 0.0001), who were in sections 4 and 7. In keeping with the hypothesis, section 3 was divided. In 9 patients of 36 patients in the section 3, LCX had 91-100% stenosis. Their all targets of the RA were 91-100% stenosis. In 5 (55.6%) of these 9 patients, competitive flow was found in the ITA-LAD bypass. In the remaining, 27 patients of section 3, the rate of antegrade flow was 97.7% (86/88), being comparable with that of the sections 5, 6, 8 and 9 (P = 0.51).
These sections were categorized into 3 groups. Group I consisted of sections 5, 6, 8, 9 and the 27 patients of section 3, who had 51-90% stenotic LCX. Group I included 80 patients with 274 targets. Group II consisted of 191 targets in 56 patients of sections 1 and 2. Group III consisted of sections 4, 7, and the 9 patients of section 3, who had 91-100% stenotic LCX. In group III, there were 159 targets in 44 patients.
The rate of antegrade flow in group I was significantly higher than that in group II (96.4 (264/274) versus 88.5% (169/ 191), p = 0.001). The rate of antegrade flow in group II was significantly higher than that in group III (88.5 (169/191) versus 78.0% (124/159), p = 0.009).
The rate of competitive flow in group I was significantly lower than that in group II (2.6 (7/274) versus 11.0% (21/191), p = 0.0002). The rate of competitive flow in group III was 18.2% (29/159), being higher than in group II, but did not reach statistical significance (P = 0.07).
The cumulative graft patency rates at 5 years were 94.6% in group I, 75.4% in group II and 53.3% in group III (P = 0.0003; group I versus group III, P = 0.005; group II versus group III, P = 0.40; group I versus group II) (Fig. 5 ).
DISCUSSION
Previous reports described that the in situ ITA had adaptability to flow demand and abundant flow capacity. The amount of bypass flow in the in situ ITA increased remarkably after several months, and became comparable with the aorto-coronary saphenous vein graft via growth of the ITA and reduction in the vascular resistance in the myocardium [9, 10] . The creation of the Y-graft also significantly increased the flow capacity of the in situ ITA [11] . In addition, as Kim et al. reported, when graft patency could be achieved for 5 years after CABG, the beneficial effect of the Y-graft, which was made with the bilateral ITA, on the myocardium was similar to that of bilateral in situ ITA [12] . However, in spite of these papers supporting flow capacity of the in situ ITA graft, it must be true that composite and sequential grafting have increased risk of competitive flow.
It has been widely accepted that patients who have calcified ascending aorta can be suitable candidates for aorta no-touch sequential and composite grafting [13] . In addition, when a patient has limitation of the graft materials, limitation of approach, such as redo cases, advanced age [14] or other procedural risks, the composite Y-graft can be a useful option. Recently, left thoracotomy combined with technique of the Y-graft has been reported as an alternative approach for multivessel revascularization [15] . However, indications or contraindications for this technique have not been fully discussed.
In the present study, we attempted to evaluate combinations of three targets and two graft materials by distribution of bypass flow. Based on the results of this study, we would suggest classification of the expectancy of long-term patency of composite Y-grafting to three-vessel vascular regions. Patients in group I, who have 76-100% stenosis both in the LAD and the RCA or those who have 51-75% stenosis in the LAD, 91-100% stenosis in RCA and 51-90% stenosis in LCX, would be the most suitable candidates for the composite Y-graft, in terms of durable patency of the grafts. Patients in group II, who have 51-75% stenosis in the LAD and 51-90% stenosis in RCA, were considered less favorable, when compared with group I. However, it would not be clear whether competitive flow in group II was due to the Y-graft configuration or simply moderate stenosis of the target vessels. On the contrary, we presume that the high incidence of competitive flow in Group III would be attributed to the Y-graft configuration itself. When the Y-graft was connected with moderately stenotic LAD, in which intracoronary pressure was high, and near-occluded or occluded RCA and LCX, in which the intracoronary pressure was considerably low, driving pressure from the ITA to the LAD will be spoiled and competitive flow can be highly predicted. As previously reported [16] , the increase in blood flow in the proximal portion of ITA increases the pressure gradient between the origin of the ITA and the anastomotic site with the RA. For such patients, the blood source of the bypass graft to the LAD should be separated from the bypass graft to LCX and RCA regions. In patients who have 76-100% in the LAD and 51-75% stenosis in RCA, competitive flow frequently occurred at the distal end of the RA from RCA. For such patients, the aorto-coronary bypass to RCA may be reasonable [17, 18] . Since longer bypass graft has higher resistance by itself, and consequently, can provide only lower intraluminal pressure at the end, severe stenosis is required for sufficient antegrade flow to RCA, which is anatomically distant from the origin of the ITA.
This study has some limitations. First, this study was retrospective, non-randomized and based on the single-center experience. Second, the flow demand or peripheral vascular resistance was not concerned. Third, even with statistical significance, the number of patients and the number of late angiography and graft occlusion may not be enough to achieve adequate outcomes after statistical analyses to conclude this issue. In the present study, no adjustment for multiplicity could be done. In addition, patients who underwent late angiography would be biased, because it was performed, when graft occlusion or progression of the native coronary lesion was suspected by stress test or computed tomography. However, early angiography is the only way to identify competitive flow, and has been performed routinely in our institution. Moreover, the limitation of angiographic assessment for moderate stenosis may be a critical issue. Recently, a FAME study has demonstrated the uncertainty of angiographic visual assessment for the moderately stenotic lesions [19] . In addition, Hamilos et al. reported a discrepancy in the assessment of the functional significance between reviewers [20, 21] . In our experience, the severity of stenosis in LCX and diagonal branch was less influential, when compared with RCA. Improvement of accuracy in the preoperative assessment of moderate lesions will contribute to appropriate surgical decision-making including necessity of the bypass graft, and establishment of consensus in surgical strategy. The cumulative graft patency rates according to the three groups. The cumulative patency rates at 5 years were 94.6% in the group I, 75.4% in the group II and 53.3% in the group III (P = 0.0003; group I versus group III, P = 0.005; group II versus group III, P = 0.40; group I versus group II). 
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Composite and sequential grafting was considered useful and reliable, exclusively in appropriately selected situations. In creation of bypass grafts, durable completeness of revascularization and function of the ITA to the LAD bypass should not be compromised. We would suggest that the balanced bypass flow toward the LAD and the RCA is noticeably important to achieve an entire patency of the Y-graft for three-vessel regions. This study is not conclusive. Interactions between the target coronary branches and bypass grafts on the flow distribution and graft patency may be the next concerns.
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Competitive flow is a common finding in arterial grafting. Flow competition results from an equilibrium between the residual flow through the native coronary artery and the flow provided by the bypass graft at the anastomosis. This situation occurs when conductance of the graft closely matches that of the native circulation and is mainly dependent on stenosis severity and on graft diameter and length. The phenomenon is nearly inexistent with the saphenous vein graft (SVG) whose large conduit generally opposes very few resistance to blood flow; consequently, the pressure at the ostium of SVG is nearly equivalent to that provided at the distal anastomosis even in conditions of high myocardial flow demand [1] . Conversely, the conductance of arterial grafts is generally lower due to smaller diameter and greater length, resulting in some pressure drop along the graft [2] . The longer the arterial assembly, the lower the pressure at the distal anastomosis, a phenomenon aggravated by the anatomic distal tapering of arteries. Therefore competitive flow is more frequent at the right coronary anastomosis of composite Y grafts due to the lower pressure in the distal portion of the Y branch [3] .
Another important parameter in the phenomenon of flow competition well described in this issue by Nakajima et al. [4] is the sequential grafting versus single grafting. The mechanism of competitive flow is more complex than in the individual graft in which the interaction is only between the proximal inflow and the distal anastomosis outflow. In sequential composite bypass, the interaction is also between all the anastomosed branches within the composite graft. This leads to a phasic delay between the pressure wave in the grafts, and in the coronary arteries, especially in the more distal ones such as the right coronary artery [5] .
The success of the CABG has been assessed by the 'patency' of grafts, predominantly using the Fizgabon classification [6] . This system was appropriate for a period when the predominant bypass conduit was the SVG. SVGs are minimally reactive and as such can be classified as either patent or not. The increasing use of arterial conduits represents a paradigm shift in bypass surgery. In contrast to SVG, arterial grafts are dynamic and may adapt their luminal diameter both at short interval through vasomotion and at long-term through anatomic adaptation.
As such, Nakajima as [4] well as others [7] sought to define a classification system more representative of the functional status rather than the anatomical patency of the graft. A graft is defined 'not functional' when occluded, when the flow from the native coronary artery is dominant or when flow supply from the native coronary and from the graft is balanced. A graft is defined 'functional' when the native coronary is fully opacified by the graft or when the native coronary is fully opacified by the graft only (occluded or sub-occluded coronary native vessel).
On the other hand, Nakajima et al. [4] have used the classic methodology for assessing the severity of target vessel stenosis, namely percentage stenosis by visual inspection, which may be inappropriate when considering the use of arterial conduits. We have demonstrated that the minimal luminal diameter correlates far better with arterial graft functionality than the percent stenosis [3] [4] [5] [6] . We believe that this measure is a more relevant predictor of the degree of competitive flow, which is known to be a critical determinant in long-term arterial graft functionality.
Studies designed to select the most appropriate graft configuration for each individual case will certainly contribute to optimize myocardial revascularization in the future. More accurate assessments of graft function and of the pre-operative status with the help of new objective evaluation tools such as quantitative angiography or fractional flow reserve could contribute to reach this objective.
